ABSTRACT. -The lengths and diameters of the limb segments of 105 monitor lizards from 22 species were measured on preserved museum specimens in order to determine whether limb proportions vary in relation to snout-vent length (used as an indicator of overall body size). Scaling exponents (slopes of allometric equations) were estimated for log-transformed species' mean values, using both conventional nonphylogenetic statistics as well as the method of phylogenetically independent contrasts. Both methods gave essentially the same results. All limb segment lengths and diameters scale with exponents exceeding 1.0; thus, larger species of monitors tend to have larger limbs relative to their snout-vent length. Foot length, however, decreases relative to total hindlimb length in larger species. Measures of limb segment diameters scale with greater exponents than do limb lengths; thus, larger species also tend to have relatively thicker limbs. The empirical results on limb shape are consistent with predictions derived from biomechanical models. Large mammals also show increased lever arms of their muscles ("inlevers") and generally keep the legs in a straighter position than do smaller mammals (e.g., Biewener, 1990). With straighter limbs the directions of the ground reaction forces-the forces that are exchanged between substrate and feet-can be chosen in a way that the lines of action of these forces pass close by the limb joints. Then, the "outlevers"-the distances between joints and line of action of the ground reaction force-are short, so that the torques at the limb joints, which are given by the magnitude of the ground reaction force multiplied by the outlevers, are low. To keep a joint in equilibrium, muscles around the joint must be active, so that the torque produced by these muscles, which is given by muscle force multiplied by arm of lever (inlever), has the same magnitude as the torque that results from the ground reaction force. As outlevers are shortened relative to inlevers, less muscle force is necessary to keep the joints in equilibrium. On the other hand, longer outlevers relative to inlevers allow limbs to be moved more quickly (e.g., Hildebrand, 1988).
Much attention has been paid to the allometry of animals and how they overcome various physical "problems" associated with large body size (e.g., Alexander, 1982 Alexander, , 1985 Jungers, 1984 Jungers, , 1985 Preuschoft et al., 1994) . For isometric animals, body mass scales with the cube of the linear body dimensions whereas the crossections of muscles, bones, and tendons-and, therefore, the forces that can be exerted or sustained by these tissues-increase only with the square of the linear body dimensions. Large mammals "solve" this problem by deviating from geometric similarity; they have relative larger leg muscles and greater bone crossectional areas (Alexander et al., 1979 (Alexander et al., , 1981 Alexander, 1985) .
Large mammals also show increased lever arms of their muscles ("inlevers") and generally keep the legs in a straighter position than do smaller mammals (e.g., Biewener, 1990) . With straighter limbs the directions of the ground reaction forces-the forces that are exchanged between substrate and feet-can be chosen in a way that the lines of action of these forces pass close by the limb joints. Then, the "outlevers"-the distances between joints and line of action of the ground reaction force-are short, so that the torques at the limb joints, which are given by the magnitude of the ground reaction force multiplied by the outlevers, are low. To keep a joint in equilibrium, muscles around the joint must be active, so that the torque produced by these muscles, which is given by muscle force multiplied by arm of lever (inlever), has the same magnitude as the torque that results from the ground reaction force. As outlevers are shortened relative to inlevers, less muscle force is necessary to keep the joints in equilibrium. On the other hand, longer outlevers relative to inlevers allow limbs to be moved more quickly (e.g., Hildebrand, 1988).
In comparison with mammals, relatively little attention has been paid to the allometry of lizards, the other major extant group of terrestrial tetrapods. Although no lizard has ever been as large as the largest terrestrial mammals (references in Garland et al., 1993), the body mass of extant lizards spans a range from < 1 g to > 100 kg (MacLean, 1975; Pough, 1980; Auffenberg, 1981; Raxworthy, 1991) , and extinct forms were larger still (e.g., Hecht, 1975) . Therefore, pronounced size-related changes can also be expected in the morphology of lizards.
The degree of sprawling of the limbs may differ among species of lizards and in the same individual at different locomotor speeds (e.g., Urban, 1965) , but even such large lizards as the Komodo dragon (Varanus komodoensis) exhibit a basically sprawling limb posture. In lizards of all sizes the sprawling limb posture necessarily leads to long outlevers, unless the limbs are short. Therefore, pronounced size-related changes in the shape of the limbs can be expected (Christian, 1995) Pianka, 1994) , and quantitative comparisons of the phenotypic diversity or rates of evolution of different clades of lizards (cf. Garland, 1992 ) have yet to be performed. In any case, we hoped that the biomechanical reasons behind morphometric variation in the Varanidae should be relatively apparent, and not greatly obscured by adaptation to varying selective factors.
In monitors, because of the reasons given above, we predicted size-dependent changes in the lengths of limb segments, in particular a decrease of foot and hand length compared to the length of the rest of hindlimb and forelimb, respectively. We also predicted a positive allometry of segment diameters compared to segment lengths. Scaling effects in limb posture, inlevers, and muscle composition can also be expected in monitors but are not examined in the present study.
MATERIALS AND METHODS
Studied Animals.-We studied 22 species of monitor lizards, using preserved adult specimens in the collections of the Museums and Art Galleries of the Northern Territory, Darwin, and the Australian Museum, Sydney (Table 1) . Five specimens represented each species, except for V. komodoensis (two specimens), V. glauerti (three specimens), and V. kingorum (three specimens).
Morphometric Measurements. -All lengths and diameters were measured with a ruler or a caliper and recorded to the nearest 0.5 mm. Upper arm length was measured from the shoulder joint to the elbow joint, the forearm length from the elbow joint to the center of the carpus, hand length from the center of the carpus to the tip of the longest toe (claw excluded), upper leg length from the hip joint to the knee joint, lower leg length from the knee joint to the center of the tarsus, and foot length from the center of the tarsus to the tip of the longest toe (claw excluded). Before taking these measurements, the joints were located by bending and extending the limbs in different ways. Forelimb length was then computed as the sum of upper arm length, forearm length, and hand length; hindlimb length was calculated as the sum of upper leg length, lower leg length, and foot length. At the site of the largest crossection of upper arm, forearm, upper limb, and lower limb (which was always approximately at the middle of the segment), the largest diameter and the diameter perpendicular to the largest diameter were measured. Under the assumption of an elliptic crossection with these diameters as major axes, the crossectional area was then calculated. The square root of the crossectional area is refered to as 'diameter' of the segment.
Snout-vent length (SVL) was used instead of body mass as the reference for computing allometric relationships. The latter is more difficult to obtain from preserved specimens, because it depends more on the condition of the animal and is altered by preservation. Also, in many specimens the body cavity had been cut open and in some the intestines had been partly removed.
As a consequence of the preservation, the diameters of the limb segments may have changed more or less depending on the size of the specimen, thereby leading to a bias in the data for the diameters (see Lee, 1982, for anurans). In the absence of data for living specimens, we have no way to test for this possible bias. Also, the location of the joints is more difficult to determine in large monitors with thick limbs, but this possible increase in measurement error with the size of the studied animals should not lead to an important bias with respect to body size. Statistical Analyses.-Allometric scaling relationships were estimated using log,0 transformed mean values for each of the 22 species presented in Table 1 . Least squares linear regressions were fitted in the usual way. In addition, we computed reduced major axis (RMA) slopes, which are equivalent to the least squares slopes divided by the Pearson product-moment correlation coefficient, or simply the standard deviation (SD) of the dependent variable (e.g., log limb length) divided by the SD of the independent variable (log SVL). Because the correlation coefficients for all scaling relationships were high (r ranged from 0.986 to 0.996), these two alternate estimates of the slopes were always quite similar. However, because the functional relationship between two variables will tend to be underestimated by least squares regression when measurement error exists in the independent variable, the RMA estimates should generally be considered more reliable (e.g., LaBarbera, 1989; Harvey and Pagel, 1991; Riska, 1991).
Deviations from isometry (a scaling exponent of 1.0) were tested by inspection of 2-tailed 95% confidence intervals on least squares regression slopes and by using the t-statistic for RMA slopes described in Clarke ( Table 1. Table 2 presents estimates of scaling exponents based on conventional, nonphylogenetic analyses. For isometric scaling, all exponents would be 1. This is not the case for any of the examined characters of the limbs; all scaling exponents are significantly greater than 1 (P < 0.05), whether judged by least squares regressions or reduced major axis slopes. For the RMA slopes, which ranged from 1.081 to 1.260 (Table 2) , t statistics (not shown) ranged between 3.13 and 7.71, as compared with a critical value of approximately 2.119 for 16.1 degrees of freedom (df) at P = 0.05. Fig. 2 illustrates the deviations from isometry for the total lengths of both hind-and forelimbs and for the diameters of the stylopodia (upper arm and upper leg).
Using the method of phylogenetically independent contrasts we also find that scaling exponents for all characters exceed unity (Table  3) . For the RMA estimates of slopes, which Tables 2 and 3 for actual slopes). 3. Estimates of allometric scaling exponents for limb proportions, using phylogentically independent contrasts. * 95% confidence interval on slope computed using 20 degrees of freedom. 95% confidence interval on slope computed using 10 degrees of freedom. SEE = standard error of estimate of least squares linear regression through origin. RMA = reduced major axis slope; see text for significance tests. t20 = test statistic for t distribution assuming 20 degrees of freedom. t,, = test statistic for t distribution assuming 10 degrees of freedom. Table 3 ). The diameters increase more rapidly with increasing SVL than do the lengths of the segments (see Tables 2 and 3) . Also, the diameters of the stylopodia increase more than do the diameters of the zeugopodia (forearm and lower limb).
The slight increase of the total limb lengths with SVL is attributable to similar increases of the lengths of all three limb segments, although the foot length increases somewhat less. Thus, the ratio of foot length divided by the sum of upper leg length plus lower leg length decreases with increasing log SVL (Fig. 3) . This decrease is statistically significant (P < 0.05) in a two-tailed test in the nonphylogenetic analysis and also in the analysis with phylogenetically independent contrasts with 20 df, but not in the latter analysis if only 10 df are used (r = -0.626 and r = -0.395, respectively, in a regression against log SVL). We might reasonably have employed a one-tailed test-in which the decrease is significant in all of the analyses-because we expected the foot length to decrease relative to the total limb length (see Discussion). However, a shift towards cursoriality with a relative increase of the length of distal limb segments in large species could not be excluded a priori (cursorial mammals tend to have relatively long distal limb segments, e.g., Coombs, 1978). The scaling exponent for hand length is similar to the exponent for total forelimb length.
A principal component analysis (Table 4) using residuals from log-log regressions on SVL reveals that in both the nonphylogenetic and the phylogenetic analyses most characters load heavily on the first factor, which accounts for about 40% of the overall variance. This means that, after removing variation related to overall body size (as indexed by SVL), much of the remaining variation is attributable to general variation in limb size. Principal component II accounts for about 1/3 of the overall variation, and contrasts the lengths of the limb segments with their diameters, thus indicating variation in limb stoutness. Hand length loads by far the most heavily on factor III (11-12% of the overall variation), showing that relative hand length is not tightly coupled to other characters. abilities are essential for determining the ecological or evolutionary significance of morphological variation (reviews in Garland and Carter, 1994; Garland and Losos, 1994). Unfortunately, we know of no published comparative data on the locomotor abilities of varanid lizards (see also Garland, 1993). Table 5 presents preliminary data for maximal sprint speeds of some monitors. Data for three species (V. gilleni, mertensi, tristis) were obtained on a laboratory photocell-timed racetrack as described in Garland (1985) , except that the track was doubled in length for the latter two species. As maximal sprint speed generally increases ontogenetically in lizards (Garland, 1985; Losos et al., 1989; Garland and Losos, 1994), the datum for Varanus gilleni is not comparable to those for the other species. We also recognize that measurements of speed taken in the field by chasing animals on feet or with automobiles can be highly unreliable, but the data presented in Fig. 4 are the only such data presently available. Even not considering the datum for Varanus gilleni, Fig.  4 suggests that maximal sprint speed does not decrease with increasing body size among species of monitors, as would be expected if large monitors had relatively short limbs, which they do not (Figs. 2, 3) .
The increase of foot length with increasing SVL is significantly lower than is the increase of the rest of the hindlimb (although this is not statistically significant with 10 df-see Tables  2 and 3 ). The foot of a monitor (which is at least at moderate speeds placed plantigrade on the ground) is exposed to bending moments along its length. All joints must be balanced against the ground reaction force by muscle forces (Preuschoft, 1970 (Preuschoft, ,1971 . One way to reduce force and energy requirements is shortening of the segments of the foot. Also, the mass moments of inertia of the limbs should be kept low to allow quick accelerations of the limbs during locomotion. Distal masses contribute more to the mass moment of inertia of a limb than do proximal masses. Therefore, the necessity to reduce the mass moments of inertia of the swinging limb entails a reduction of the mass of the lower leg muscles. Because these muscles move and control the joints of the foot, the torques inside the foot must be limited to a rather low level. This leads to functional advantages in forms with short foot length. This argument has been developed by Preuschoft and Witte (1993) to explain the short toes of hominids in comparison to all other hominoids. The same trend was expected for the forelimb, but examination of Tables 2 and 3 indicates that the scaling of the hand did not differ markedly from the scaling of the rest of the arm. Of course, limb length and shape may be related to other functions in addition to locomotion. The hand, in particular, can play an important role in climbing, burrowing, mating, and other activities (e.g., Auffenberg, 1978 Auffenberg, , 1981 Auffenberg, , 1988 Losos and Greene, 1988; Green and King, 1993) . The principal component analysis of SVL residuals supports the idea that the scaling of hand length has been influenced by other selective factors: variation in hand length is to a high degree uncoupled from variation in the other measured characters (Table 4) .
As expected (see Introduction), the diameters of the limb segments increase considerably more with SVL than do the segment lengths. Because the upper and lower limbs of lizards consist mainly of muscles, the increase of diameters of these segments can be attributed to an increase in muscle mass. This increased muscle mass can be considered as necessary to cope with the high torques about the limb joints caused by the rather sprawling limb posture exhibited by monitors of all sizes. In mammals-aside from sizedependent internal changes, e.g., of the inlevers, which can also be expected for monitorslarge size is accompanied by changes in limb In lizards, the over-proportional increase of the limb segment diameters in relation to their lengths suggests-compared to mammals-a low limit to the body size that can be attained for fast animals with a sprawling limb posture. First, limbs that were excessively massive would be uneconomical and would negatively affect locomotor performance both by increasing total body mass, and thereby the total mass that has to be carried by the limbs, and by increasing the inertia that has to be overcome during accelerations of the body. Second, the high moments of inertia of massive limbs would oppose quick movement of the limbs and would make locomotion energetically expensive (see, e.g., Steudel, 1990a Table 1. weaker forelimbs is well suited to small animals that rely primarily on sprinting, frequent accelerations, and the ability to walk and run on different substrates, but which rely less on stamina. Many small lizards (e.g., most New World iguanians) fit this description. Monitor lizards, however, depend relatively heavily on stamina, rather than acceleration, during their normal foraging activities (Auffenberg, 1981, 1988; Losos and Greene, 1988; Green and King, 1993). Therefore, monitors would be expected to have not very much different fore-and hindlimb proportions. This prediction is generally supported by the data shown in Table 1 
